Since its invention in 1991, friction stir welding (FSWing) has demonstrated the ability to join a wide variety of metals including dissimilar combinations. However, during these two decades of development, while the versatility and benefits of the process have been demonstrated, the selection of process parameters and tooling has been found to be an "art form" based on experience. This experience has been gained through trial and error, often without acquiring the data necessary to understand the process. Consequently, the quality of FSWs has varied, often due to minor but misunderstood changes to the processing parameters or workpiece material. Current development is putting more emphasis on methods to more precisely predict and control the process in an effort to reduce costs and produce repeatable, consistent quality FSWs. To improve FSWing to the level of a robust process, scientific rationale combined with experimental knowledge is needed. This contribution discusses the methodology required to lay the ground work for realizing robust FSWing processes.
Background
Figure 1 illustrates the FSW process and its three controllable, driving process parameters of tool rotation rate (), tool travel velocity (V), and containment (Fz) force. These driving process parameters along with the dependent process variables of force (Fx and Fy) and torque are measured and recorded on most FSWing machines. Since the process is solid state, it combines aspects of forge welding and hot metal working. Heat is generated and the two pieces of metal are coalesced into one as the tool moves the workpiece material along prescribed flow paths. For the material to flow, the workpiece material must be rendered soft by heat, resulting from friction and deformation, in the localized vicinity of the weld tool. As the tool moves along the weld seam, the source of heat is also moving and the generation and dissipation of heat is affected by the workpiece material, tool material, processing parameters, and possibly tool features 1) . The localized heat can also affect the metallurgical properties of the weldment. Following typical methodology for developing robust metal-forming processes, quantification of the resulting stresses and strains across the deformed region can be used to assess the onset of metal-forming defects such as cracks in the interior or at the surface of the weld. FSWs are considered robust if the desired weld quality, or mechanical property, is unaffected by the variability of the manufacturing process. Thus the production of a robust FSW is dependent on the robustness of the actual manufacturing process. Robustness is the ability of the process to tolerate expected variability with regards to raw materials, operating conditions, process equipment, environmental conditions, and human factors. In general, FSWing has demonstrated itself to be a forgiving process for aluminum and its alloys and thus is considered by some to be an inherently robust process. The human factors are minimized due to the automated nature of the process, and since the solid state process can be run in any atmosphere, environmental effects are also minimized. However, there is still noted variability in the processing parameter space due to tool design, workpiece materials, and process equipment capabilities as well as in the resulting properties.
Processing
Trial and error methods are typically used to focus the selection of a nominal schedule within a processing envelope as illustrated in Figure 2 . Limitations of machine capability in terms of forces and torque define the process envelope. Contained within this process envelope is a smaller subset of parameters, or an operating window, which defines the range of tool rotation rates and travel velocities that produce FSWs with consistent properties. Within this operating window, a nominal schedule for the FSW is selected with the intent to provide margin for the variability of the process.
Note that in Figure 2 , the process envelope is only two dimensional and does not consider the containment force (Fz). FSWs can be processed using displacement or load control in an effort to maintain shoulder contact while avoiding contact crown surface root surface
Published: 1 st International Joint Symposium on Joining and Welding (IJS-JW) Osaka Japan, November 6-8, 2013 2 with the backing anvil. If displacement control is used, the depth of the pin into the workpiece material is selected on the basis of providing sufficient shoulder contact on the crown surface while promoting full consolidation of the former seam on the root surface. If load control is selected, the containment force is selected to maintain sufficient shoulder contact with the workpiece material without driving the tool into the anvil. Although modeling efforts have increased our knowledge of the process, establishing the process envelope in addition to the containment force remains "experience based." Slight changes in the alloy, material temper, or process equipment have been noted to change the expected quality of the FSW. So while a process envelope can be established for a specific material, material thickness, and tool on a specific machine, transferring schedules to another workpiece material or thickness or FSWing machine often requires a repeat of the trial and error effort. Design of a robust FSW process relies on combining a range of processing parameters with a tool design to join a given material and thickness on a given machine while producing acceptable and repeatable mechanical properties. From a production viewpoint, performing the FSW at minimal cost is also desirable. All this requires an understanding of how the tool details interact with the various processing parameters. A current rule of thumb applied to the tool design defines the pin diameter as approximately equal to the workpiece material thickness and the shoulder diameter as approximately two times the pin diameter. This provides a 45 angle of loading from the shoulder to the bottom of the pin. The pin diameter may decrease to reduce forces but must still retain structural integrity. While these guidelines provide a starting point for tool design, methods to correlate the tool design and its features with the process parameters are limited 2), 3) . FSWs made at high tool travel velocities are considered to be "cold" while those at high tool rotation rates are considered to be "hot" [4] [5] [6] . Since temperature cannot be directly controlled, variations in the thermal profile can occur during a weld due to changes in geometry and boundary conditions. Design requirements specify the mechanical properties of a FSW to ensure the form, fit, and function of the design are realized during operation of the part. Mechanical properties correlate with the metallurgical structure of the FSW which evolves from the thermomechanical, hot working conditions of the FSW process. Based on studies over the past two decades, the metal flow during FSWing has been visualized and various analytical and numerical tools have been applied in an attempt to define the strainstrain rate-temperature history of the workpiece material [7] [8] [9] [10] [11] . With the exception of the ZenerHolloman approach 11) , these efforts all rely on basic assumptions regarding the material flow path as influenced by the tool design and process parameters. Validation of these assumptions relies on reverse engineering techniques that use tracers to mark out the flow path during the FSW process. The use of marker studies has indicated the metal flow patterns are orderly [12] [13] [14] [15] . As the FSW tool entrains the marker, the material flow is traced along a single flow line or plane which is visualized post weld using X-ray radiography or metallographic techniques. This method coarsely captures the material flow due to discontinuous deposition. Thus while the tracer studies provide information on the macro-flow of the weld metal, the conditions at the FSW tool/workpiece material interface are not revealed.
As the structure of all welds is non-homogenous, welds are characterized by discontinuities. Thus to verify the mechanical properties, often referred to as the quality of a FSW, discontinuities within the FSW need to be correlated with mechanical testing results to allow judgment regarding the impact on the mechanical property. A negative impact on the required material properties results in a classification of "defect" and is usually related to a critical discontinuity size. Discontinuities in a FSW can arise from lack of penetration, lack of fusion, porosity, wormholes, undercut, inclusions, cracking, surface finish, or metallurgical variations. Some of these discontinuities are directly related to fit-up, such as panel gap, thickness mismatch, and plate thickness variation, and are relatively easy to resolve [16] [17] [18] . Other discontinuities have been related to material flow as affected by tool rotation, tool travel, insufficient plunge force, undersized shoulder, or non-optimized pin geometry 19) . Once these correlations are established, nondestructive evaluation techniques (NDE) are needed to ensure consistency within the FSW. As the material flow path is still being debated, generating controllable discontinuities "at will" to guide development of NDE techniques is difficult 20) .
Although the mechanical properties of homogenous materials are readily obtained and straight forward, the macrostructure of a FSW is non-homogenous and Tool rotation rate Published: 1 st International Joint Symposium on Joining and Welding (IJS-JW) Osaka Japan, November 6-8, 2013 obtaining the mechanical properties is not straight forward 21) . The transverse FSW area, shown in Figure 3 , is comprised of various macrostructures ranging from the parent material to the heat affected zone (HAZ), thermo-mechanically affected zone (TMAZ), and stir zone (SZ). Mechanical test methods for the specimens are selected on the basis of duplicating the operational conditions of the part in service. The measured strength in tension provides an upper limit for operation, but does not lend any information regarding the distribution of stresses and strains or the ductility of the FSW. If the part is subjected to cyclic loading, then fatigue properties may become more important than strength. Thus more detailed characterization of the discontinuities in a FSW are needed to evaluate their effect on the properties of interest to determine the impact on quality. For example, Figure 4 illustrates the variation observed between the strength of the transverse FSW versus that only of the SZ. 
Predicting material flow
It is important to understand how individual FSW process parameters interact to establish a tolerant operating window to ensure the nominal schedule remains safely within its boundaries. Selecting nominal parameters too close to the boundary of the window can leave the FSW quality vulnerable when encountering expected variability within the process. Various modeling approaches have been applied to the FSW process with varying degrees of success in matching experimental results. The earliest efforts concentrated on analytically modeling the thermal profile around the tool using the moving heat source methodology established for fusion welds 22) . However, this required an assumption regarding the temperature generated which was inversely obtained from thermocouple experiments. Contact conditions between the tool and the workpiece material have been noted to impact the heat generation and dissipation characteristics 1), 23) .
Guided by estimates of the thermal profile, coupled numerical thermomechanical models have been applied to map the temperature dependent deformation of the material in the vicinity of the tool 6), [24] [25] [26] [27] [28] . These models helped to understand the deformation conditions imposed upon the workpiece material in addition to the affect of heat generation on material flow. Material property databases were used in these coupled models to provide properties at the calculated strain rate and temperature conditions predicted by the model. However, the very large strains encountered near the tool interface limited the spatial resolution of the deformation path using finite element methods (FEM).
In parallel with the efforts to model the metal flow through methodologies similar to hot working processes, computational fluid dynamics (CFD) codes have also been explored [27] [28] [29] . These models provided better visualization of the metal flow as influenced by the weld tool features by simulating the material properties with that of a viscosity. Through AS RS Crown surface
Root surface
Published: 1 st International Joint Symposium on Joining and Welding (IJS-JW) Osaka Japan, November 6-8, 2013 strain rate = R ω δ strain = R ω V the various CFD modeling approaches, a better understanding of the material interaction with the tool geometry has been achieved. However, the required assumptions limit the predictive ability of the modeling approaches to define a process envelope for a given material and tool design.
Fundamentally, the ability to link the process parameters with the resulting temperature profile rely on understanding how the heat is generated and dissipated. Heat generation considers either frictional contact between the workpiece material and tool shoulder 22) , 29) , shearing deformation within the workpiece material 28), 30) , or a combination of both 27, 28) , [31] [32] [33] [34] [35] . How the heat dissipates also depends on the contact conditions between the workpiece material and weld tool. . Although a more direct way to assess contact conditions considers the use of torquebased models to estimate the friction coefficient and shear stress 34), 37) , assumptions regarding contact conditions are still required. If contact conditions change during the weld, the assumed efficiencies of converting weld energy to thermal energy are also affected 1) .
Methodology
Evaluation of the thermomechanical and CFD models shows an underling assumption of the material flow based on simple kinematics 7), 33) . Due to the complexities in describing the material movement in FSWing through numerical techniques, a simpler method is to use an analog approach based on kinematics to describe the localized movement of the material as influenced by the tool design without considering the material properties. Figure 5 illustrates the theorized motion of material as it encounters the field surrounding the rotating tool pin using slip line theory. If there were no features on the pin, the workpiece material in the vicinity of the tool would simply be pushed outward to flow past the pin as a straight through current. In the wake of the pin, the exiting flow recombines into its original flow path as illustrated in Figure 6a . Material entering on the advancing side (AS) of the pin would travel a longer angular distance around the tool than that entering on the retreating side (RS) 38) . This slip line model would predict a thicker region of material on the RS than on the AS which can be observed in the plan view of a metallographically prepared FSW in Figure 6b . The sharp change in SZ microstructure from that of the parent material can also be observed in Figure 6b which is attributed to a velocity discontinuity. Voids can potentially develop on the AS if the material is not able to flow completely around the tool due to the contact conditions combined with the tool rotation and travel 39) . The presence of this velocity discontinuity, or shear zone, has been theorized 23) and documented with wire markers 13) . Figure 7 illustrates how a wire embedded along the faying surfaces enters the shear zone and is broken into discrete pieces due to the development of severe shear forces. Simple relations, given in Equations 1 and 2, can be established for the strain and strain rate as a function of the pin radius (R), tool rotation rate () and tool travel velocity (V), and an assumption regarding the finite thickness of the shear zone (). Considering a tool pin of 6.4mm diameter operating at 600 RPM, typical strains would be in the range of 50 to 100, and typical strain rates in the range of 10 3 to 10 6 s -1 .
If the pin was smooth, all workpiece material flow in the vicinity of the tool would follow the simple flow lines mimicking an extrusion process 40) shown in Figure 5 as a "straight through current." However various tracer studies have shown evidence of lateral, or through thickness, movement of material in the FSW process 12), 13) . Many FSW pins employ a thread on the pin which drives the lateral motion as the pin rotates 13), 33), 36) . This path imparts a high strain to the material as it is laterally twisted as illustrated by the "Maelstrom current" in Figure 5 . It has been proposed that the combination of these two flow paths results in the classic onion ring pattern of the FSW nugget shown in Figure 8 7), 15) . Many studies have shown that a strong fiber texture exists within the alternating bands of the FSW nugget 7) , [41] [42] [43] that would be expected from such a twisting, extrusion process. The lateral twisting or circulation of the material reacts against either the shoulder on the crown side, or the anvil on the root side, as illustrated in Figure 9 . Using this simple flow schematic, a process parameter map can be predicted based on Equation 3 where R is the pin radius, P is the thread pitch, is the tool rotation rate, and V is the travel velocity 2) . This relationship calculates a theoretical "bulge" () that would form if more material is moved by the pin through the thickness than can be reacted with the shoulder. As an example, the boxed region in Table I shows a typical process map for a FSW of panels 6.4mm thick using a 6mm diameter tool pin with threads and a 15mm diameter flat shoulder. A theoretical bulge, or material mixture ratio, in the range of 0.10 to 0.25 has been empirically determined to define the processing envelope for a range of tool rotation rates and travel velocities. This methodology forms a basis for defining the process envelope, shown schematically in Figure 2 , for a specific tool design. Thus different processing envelopes would be expected for different tool designs. This also corresponds with observations that most defects result from high tool travel velocity with low tool rotation rate parameters 44) .
(a) (b) Figure 7 . Tracer wires respond to a strong velocity discontinuity, or a shear zone, a finite distance from the pin (a). As a wire enters this shear zone, discrete segments form due to the shearing action (b) 13) .
(3) Figure 8 . Typical "onion ring" pattern of a transverse FSW.
While this approach provides a way to link the process parameters of tool rotation and travel with the weld tool design, it does not take into account variations in the workpiece material, FSW machine, or fit-up variations. To provide limits on the processing envelope due to the capability or maximum torque of the FSWing machine, the torque must be first calculated. Using a kinematic approach, the required torque (M) can be calculated using Equation 4 , assuming steady state operation of the FSW process and fully sticking contact conditions 29), 37), 38), 45), 46) . Generation of the torque uses the pin radius as a moment arm acting on the material within the shear zone. Thus the torque is based on the flow stress,  of the material along the shear surface, and r, the distance from the tool center to the shear surface. To define the shear stress, a global temperature can be assumed based on literature which estimates the FSW temperature as 80-90% of the absolute melting temperature of the workpiece material 22 ), 28), 47) . Since the flow stress of a material is relatively insensitive to temperature over this range, an approximation of its value can be made 48), 49) . The radius, r, is a function of its placement along the z-axis. If the boundary of the shear surface is not known, then the FSW tool profile can be used for an approximation. If the torque required exceeds that of the machine, either modifications can be made to the tool geometry and the processing window in Table I can be recalculated or a higher capacity machine must be used. Published: 1 st International Joint Symposium on Joining and Welding (IJS-JW) Osaka Japan, November 6-8, 2013
Superimposing the machine limitations on the predicted map provides the processing envelope. Limited FSWs can be made to define the operating window on the basis of the FSW quality or mechanical properties of interest. Guided by the predicted processing envelope, the selection of a nominal schedule ensures a safe distance from the operating window boundary to ensure robustness of the process. Thus this simple approach toward FSWing can be used to develop the methodology to define robust processing as outlined in Figure 10 . Processing starts with the workpiece material of interest and its thickness. Next, any process limitations such as maximum temperature or strain rate of the workpiece are combined with torque limitations of the FSWing equipment. Basic tool design is selected based on workpiece material. As all these parameters are interrelated, the iterative process converges upon a tool design for the material thickness with processing parameters within the equipment capability. Once the operating window is identified, the nominal schedule can be selected to target the midpoint of the defined space. This is verified during weld development by destructive tests to ensure the required properties are obtained. While this can ensure maintaining weld quality by control of the process parameters, some type of non destructive evaluation (NDE) of the resulting FSW is required to monitor consistency.
Ensuring FSW consistency
As has been mentioned, the temperature of the workpiece material during a FSW is not directly controlled. Thus variations in the temperature profile due to workpiece geometry and tool/workpiece material contact conditions are expected. Figure 11 shows typical variation of properties for a 6m long FSW 50), 51) . NDE was applied to this FSW but did not detect any discontinuities of concern 50), 51) . Although most of the transverse tensile strengths were around 469 MPa, two specimens had a reduced strength of 414 MPa. This 12% drop in strength affects the design allowable for the structure with corresponding increase to overall structure weight. While FSW process development has rapidly advanced within the manufacturing community, methods to inspect the weld lag behind. Typical post weld inspection utilizes NDE techniques developed for evaluation of fusion welds. Such databases correlate certain size discontinuities which affect material properties and are time consuming and costly to reconstruct for FSWs. Since the material flow as a function of tool design is still being debated, it is difficult to evaluate material flow related defects, separate from fit up related issues, to guide use of classical NDE methods. Neural networks are also being pursued, but require extensive training with the assumption that the physics of the process are known in advance 52) .
The two types of discontinuities or defects in FSWs that can be probed include: those that are generated when the welding conditions diverge from the Published: 1 st International Joint Symposium on Joining and Welding (IJS-JW) Osaka Japan, November 6-8, 2013 established operating window, and those that occur under "normal" welding conditions. It is proposed to use kinematic modeling to define the initial, tolerant operating window. This leaves only the need to probe for discontinuities that occur during the normal schedule. If the modeling of material flow during FSWing is considered, an assumption common to all methods is defining the contact conditions between the tool and the workpiece material. These contact conditions can affect how the material flows as well as the thermal profile surrounding the tool during the weld. Assumptions can be made regarding the steady state nature of the FSWing. However, since variations have been observed even when FSWing at the nominal schedule defined in Figure 2 and Table I , this indicates that material flow deviations can occur due to contact conditions during the FSW process, especially with longer FSWs. Thus methods to monitor the FSW process either post weld or in-situ are needed. To overcome the time and cost issues required to interpret defects within FSWs, the data collected during a FSW can be analyzed for deviations. As the material flow is considered to be orderly, changes in the dependent parameters may signal regions favorable to defect formation. Once identified, further scrutiny can be focused on these regions.
Due to the automated nature of FSWing, monitoring the load and torque data during the FSW can be used to highlight suspect regions. If material movement in FSWing can be accepted as orderly, following prescribed flow paths, methods to monitor the force and torque data can allow monitoring of the regularity of the process. As many of the FSW defects or discontinuities have been theorized to result from the material flow, regions of change can be identified for further scrutiny of the FSW, or as the basis ultimately for feedback control to made adaptive changes.
There are numerous tools for signal processing, based on either on time domain or frequency domain methods. Evaluating transitory characteristics in FSWing data only in the time domain is often very difficult. Consequently, methods such as Fourier Transforms can be applied to investigate the frequency components of the data. Using this method, some characteristics of the temporal information are lost, depending on the block size (or "window") of the temporal data set. The frequency spectrum of the block or window can be correlated with a specific physical area of the FSW. Parsing the data files into subfiles corresponding to a specific length of weld allows variations to be identified. Thus this technique is highly suited toward identification of intermittent variations in processing during any length of FSW. Higher strength regions within the FSW displayed low (<6 Hz) frequencies (Figure 11b ) while the lower strength regions did not (Figure 11c ). This has been theorized to correlate with changes in the contact conditions between the tool and the workpiece material 15), 36) . The tool slippage affects the material movement and the nominal conditions are no longer imparted to that localized region of the FSW.
Summary
While many consider the forgiving nature of FSWing inherently classifies it as a robust process, the observed variations in quality due to different materials, geometries, tempers, or machines indicate the need to apply scientific rationale to guide process development. Embracing this methodology will require acceptance that details of FSWing tooling are neither unique or applicable to all materials and thicknesses. Absence of tool details in publications make comparison of FSWs from different sources difficult and hampers development of the process.
The basis for most modeling studies indicates simple relationships can be used to lay the ground work for understanding the FSW process. Most rely on fundamental kinematic relationships between the tool geometry and the independent process parameters. Use of these analytical kinematic relationships can provide the basis to iteratively select process parameters to ensure the process window is within the capability of the equipment being used. Equating tool pin diameter to the workpiece material thickness provides a starting point for design of the FSW tooling. However, this is not enough to ensure a robust process. As constant temperature remains a uncontrolled parameter which affects the thermal profile due to workpiece geometry, methods to ensure consistency through any length of FSW is required. Rather than develop NDE techniques specifically for FSWing, collecting and analyzing data to monitor the FSW for consistency of the material flow is proposed. While inconsistencies are not directly an indication of the presence of a detrimental discontinuity, they do signal conditions favorable for formation. By predicting the process parameter window and monitoring for deviations, robust FSWing can be realized. 
